Thin films of LiNbO 3 were fabricated on sapphire(012), MgO(OOl), and Si(lll) substrates by the sol-gel process. Under optimized conditions, films deposited onto sapphire(012) were epitaxially grown. Preferred orientations, however, were not observed in the films on MgO(OOl) and Si(lll) by x-ray diffraction measurements. Morphology of the epitaxial films on sapphire(012) was examined by scanning electron microscopy, which indicated that the films were smooth and had a pore-free surface. Electrical and optical measurements on the epitaxial films revealed that the properties of the films were very similar to those of the single crystalline LiNbO 3 , while films deposited onto Si(lll) did not show any orientational behaviors. The highest quality films with epitaxy were obtained only on sapphire(012). The remaining substrates appeared to be not suitable for growing epitaxial LiNbO 3 films by the sol-gel method.
I. INTRODUCTION
During the past few decades there has been great interest in the crystalline lithium niobate (LiNbO 3 ) compound, which is due to its application in numerous electro-optical devices such as optical modulators, surface acoustic wave devices, and so on. 1 " 3 Usually, large size and pure single crystalline materials are necessary to make the devices. Single crystals of LiNbO 3 with high optical quality, however, are not easily grown because the compound has a large solid solution range and tends to grow with variable composition. 4 Fabrication of LiNbO 3 thin films is readily obtained by rf sputtering, 5 sol-gel, 6 ' 7 molecular beam epitaxy, 8 laser ablation, 9 and liquid phase epitaxy methods. 10 These films can be utilized as alternative materials for the optoelectronic devices. The thin film devices are of interest since they can directly integrate onto semiconductors and largely reduce the difficulty associated with optical interconnection. LiNbO 3 films investigated in this work were produced by a sol-gel method. Major advantages of the sol-gel process are ease of stoichiometry control and low sintering temperature. 11 These two factors are especially important in the fabrication of LiNbO 3 thin films. Since lithium is very volatile, reducing the reaction temperature is essential to prevent evaporation of lithium and control the stoichiometry.
In this paper we describe the fabrication of LiNbO 3 thin films on sapphire(012), MgO(OOl), and Si(lll) substrates and investigations on their physical properties. We also report the effect of substrates on the growth and properties of LiNbO 3 films.
II. EXPERIMENTAL SECTION
Lithium isopropoxide (99.9%) and niobium pentaisopropoxide (99.99%) were purchased from Kojundo Chemicals and handled in an argon-filled dry box or under inert atmosphere to avoid contact with moisture. Methanol (Mallinckrodt) was distilled from CaH 2 and stored over dried molecular sieves (Linde) which were activated by heating at 350 °C for 20 h under vacuum prior to use. The preparation of a mixed metal alkoxide precursor solution is briefly illustrated in Scheme 1. A 0.5 M stock solution was prepared by mixing two alkoxide and water (R w = 0.01) in methanol and refluxing for 5 h under argon atmosphere. The resulting dense solution was used as precursor materials.
Films were deposited onto sapphire(012), MgO(OOl), and Si(lll) substrates by spincasting the metal alkoxide solution. Two stages of spin speed were used. First, the substrate was slowly spun with a speed of 250 rpm for 5 s to disperse a drop of the precursor solution over the substrate homogeneously. Immediately after dispersing the coating solution, the substrate was spun very fast with a rate of 6000 rpm for 20 s. The deposition conditions were optimized to get epitaxially grown films with the desired submicron thickness. Normally five to six depositions are required to obtain the submicron film. After each deposition, the film was dried at 200 °C on a hotplate for 5 min and then spin-coated successively. The films were finally sintered at 400 °C, 500 °C, and 600 °C for 30 min, respectively.
Various physical techniques were employed to characterize the morphology, crystallinity, microstructure, and electro-optical properties of the resultant LiNbO 3 films. X-ray powder diffraction (XRD) analysis was performed by a Rigaku diffractometer with monochromatic CuK a radiation. The surface morphology and the thickness of the films were examined using a Hitachi-800 scanning electron microscope (SEM). Sintering temperature of the dried gels was estimated by investigating a thermogravimetric analysis (TGA) and differential thermal analysis (DTA). The optical transmittance of the films was measured in the wavelength range of 190 nm to 820 nm on a Hewlett-Packard 8452A UV spectrometer. Capacitance measurements were made on a Hewlett-Packard 4192A impedance analyzer. Electrodes on the films were made by evaporating aluminum onto the surface and patterning it to form interdigit electrodes.
III. RESULTS AND DISCUSSION
Optimal conditions to obtain high quality films of LiNbO 3 were established by changing many variables such as types of alkoxide ligand, concentration of the solutes, solvents, and refluxing time. These are described in Sec. II. Scheme 1 is a flow chart for the preparation of films that briefly illustrates sequential procedure to fabricate films by the sol-gel method. The preparation of the high quality film is largely dependent on viscosity of mixed metal alkoxide solution, which was controlled by the amount of water added and refluxing time. Epitaxially grown films without porosity were fabricated using five coating cycles. The average thickness of the films with five coatings after sintering at 500 °C for 30 min was about 0.6 fim, which was estimated by measuring the cross section of the films with the use of SEM.
In order to assess the sintering conditions of the films, TGA was used to analyze the gel powders obtained by evaporation of the solvents in the stock solution. The TGA data showed that all of the organic contents were completely volatilized at about 450 °C (data not shown). Figures l(a), l(b) , and l(c) show the XRD patterns for LiNbO 3 film grown on the sapphire(012) substrate which were annealed at 400 °C, 500 °C, and 600 °C for 30 min, respectively. As shown in Fig. l(a) , epitaxial films of LiNbO 3 were slowly grown when the films were sintered even at low temperature (400 °C). The best quality LiNbO 3 film was obtained by a film sintered at 500 °C, which was apparently oriented with respect to the sapphire(012) substrate. The intensities of (012) and (024) peaks appeared strongly in the XRD pattern of the films, but major peaks corresponding to the bulk LiNbO 3 disappeared. In addition to the (012) oriented peaks, small amounts of other peaks were displayed when the film was sintered about 600 °C. These might be ascribed to the evaporation of lithium during the reaction period.
Unlike XRD patterns for LiNbO 3 film grown on the sapphire(012) substrate, films coated on MgO(OOl) and Si(lll) substrates exhibited powderlike behaviors in the x-ray powder patterns shown in Figs. 2(b) and 2(c). These XRD patterns are almost identical with that of polycrystalline LiNbO 3 powders shown in Fig. 2(a) . The x-ray powder sample was obtained by annealing the gelated solids from a mixed metal alkoxide precursor at 500 °C for 1 h. Attempts to grow epitaxial films onto MgO(OOl) substrate were not successful either. This might be due to the structural mismatch between LiNbO 3 and the substrates. Table I illustrates structural and physical properties of LiNbO 3 and substrate materials used in this study. 1 ' 12 As shown in Table I , structural parameters of both MgO and Si are different with that of LiNbO 3 , while sapphire is structurally well matched with LiNbO 3 . However, Baumann et a/. 13 prepared epitaxial LiNbO 3 films on Si(lll) with use of the rf sputtering method. This indicates that fabrication techniques and growth conditions are also important in making aligned films.
SEM micrographs of the surface and the cross section of the epitaxial LiNbO 3 films on sapphire(012) substrate are shown in Figs. 3(a) and 3(b) , respectively. The morphology of the films exhibited a very smooth and dense adherent surface and a fine grain structure without any pore which is normally formed in sol-gel films due to evaporation of solvents. Microcrackings, however, are observed both in surface and cross-sectional micrographs. The difference of thermal expansion coefficient between LiNbO 3 and sapphire might induce cracking on the films. When the film was sintered at 600 °C, this microcracking was removed, but the surface morphology was changed to be inhomogeneous. A SEM image of the LiNbO3 film grown on Si(lll) appears slightly different as shown in Fig. 3(c) . It consists of small individual grains together with small amounts of micropores. Each submicron size grain is noticeable throughout the surface, which might result in the formation of the powderlike films. The morphology of the film on MgO(OOl) is more porous and inhomogeneous than that of the films coated on sapphire(012). These microstructural differences between substrates are consistent with XRD results, which are mainly attributed to structural mismatch between substrates and LiNbO3, as illustrated in Table I .
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The UV-visible optical transmission spectra of LiNbO3 films on sapphire(012) sintered at 400 °C, 500 °C, and 600 °C are shown in Fig. 4 , respectively. Transmittance of the films is drastically increased from about A = 350 nm. This behavior is similar to that of the bulk single crystal. As sintering temperature increased, films became more transparent. This might be related to degrees of densification of the film. On the basis of the transmission spectra, the films apparently do not contain any scattering center such as pores which reduce the transmittance. This indicates that the films on sapphire(012) are optically homogeneous. These data are consistent with those of the SEM micrograph, in which the films have a smooth and pore-free surface. In order to investigate the electrical properties of the films, measurements of capacitance versus frequency were conducted on both the epitaxially grown films and polycrystalline films. Figure 5 (a) shows a plot of capacitance against frequency for an epitaxially grown LiNb0 3 film that was sintered at 500 °C for 30 min. In the low frequency region, the capacitance tends to decrease as frequency increases. In the high frequency region, the capacitance is then increased over 1 MHz. This behavior is similar to that of the LiNbO 3 single crystal and is also related to the fading out of the piezoelectric response.
14 The dielectric constant for the films on Si substrate shown in Fig. 5(b) , however, does not agree well with that of the single crystal. These electrical properties might be related to the crystallinity of the samples.
In conclusion, thin films of LiNbO 3 were fabricated on various substrates by the sol-gel method using lithium and niobium isopropoxide as precursor materials. Films deposited on sapphire(012) grew epitaxially, while films on MgO(OOl) and Si(lll) were not aligned with any axis. Epitaxial films on sapphire(012) exhibited good electro-optical properties as observed in LiNbO 3 single crystals. The growth and properties of the resulting LiNbO 3 films were strongly dependent on the structural properties of substrates. Sapphire(012) can be considered as a suitable substrate for electrical and optical applications of LiNbO 3 films fabricated by the sol-gel process. MgO(OOl) and Si(lll), however, do not appear to be good substrates for film application due to lack of epitaxial growth. Currently, device application studies with use of the epitaxial films, as well as film fabrications with other substrates, are being undertaken to integrate the ferroelectric devices with semiconductor devices in the future.
